iabetes mellitus is an important cause of heart failure (HF). In clinical trials of HF the prevalence of diabetes ranges from 10% to more than 30% 1 and the outcome of such patients with HF is worse than that of patients without diabetes. Interestingly, the risk of HF in diabetic patients is higher in women than in men, even after adjusting for other risk factors. 2 Moreover, women with HF tend to experience more symptoms than men and the number of hospitalizations is higher among women than among men. 3 It also has been shown that women with HF more often have preserved left ventricular (LV) systolic function. [4] [5] [6] Using the ratio of mitral inflow and annular velocities (E/E') over stroke volume (SV) as an index of diastolic elastance (Ed) has been reported 7 and it offers advantages in examining the relationship between gender and Ed during exercise as well as at rest. We hypothesized that Ed during exercise would be more abnormal in women than in men among patients with type 2 diabetes.
D
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bicycle exercise testing was performed with a variable load bicycle ergometer (Medical Positioning, Inc, Kansas City, MO, USA). Patients pedaled at constant speed, beginning at a workload of 25 W with an increment of 25 W every 3 min. Echocardiography was performed using a GE Vingmed System 7 ultrasound system with 2.5-MHz transducer during rest, each stage of exercise, and during recovery. From the apical window, a 1-2-mm pulsed Doppler sample volume was placed at the mitral valve tip and mitral flow velocities from 5-10 cardiac cycles were recorded. The mitral inflow velocities were traced and the following variables were obtained: peak velocity of early (E) and late (A) filling, and deceleration time (DT) of the E-wave velocity. Tricuspid regurgitant (TR) jet velocity was also obtained to estimate pulmonary artery systolic pressure using continuous-wave Doppler, if measurable. SV was measured from the LV outflow tract diameter and the pulse wave Doppler signal as previously described. 12 Mitral annular velocity was measured by Doppler tissue imaging using the pulsed-wave mode. The filter was set to exclude high-frequency signals and the Nyquist limit was adjusted to a range of 15-20 cm/s. Gain and sample volume were minimized to allow for a clear tissue signal with minimal background noise. Early diastolic (E') and systolic (S') velocities of the mitral annulus were measured from the apical 4-chamber view with a 2-to 5-mm sample volume placed at the septal corner of the mitral annulus. To provide a continuous variable that might estimate Ed, the E/E' ratio was used as an estimation of mean left atrial pressure. [13] [14] [15] Operant Ed was estimated as E/E' divided by the volume (SV) of filling during diastole, assuming the absence of significant aortic regurgitation. 7 These measurements were performed at baseline, at each stage of exercise, and in recovery in the same sequence. All data were stored digitally and measurements were made at completion of each study. The 2-D echocardiographic images from the apical views at rest and during exercise were acquired, digitized, recorded and analyzed for the wallmotion analysis.
Statistical Analysis
Continuous variables were summarized as a mean ± standard deviation. Categorical variables were summarized as a percentage of the group total. Unpaired Student's t-test and chi-squared analysis were used to compare continuous and categorical variables, respectively. Differences in hemodynamic variables and Doppler indices between rest and peak exercise were compared with repeated measures ANOVA. Statistical significance was defined as <0.05. Intraobserver variability was examined in a blinded fashion in 6 randomly selected subjects by measurement of LV diastolic parameters 3 times at each of 3 stages (ie, baseline, 25 W, 50 W) of exercise echocardiography. Interobserver variability was assessed by comparing the mean values of the LV diastolic parameters measured by 2 experienced observers at each stage of exercise echocardiography. Intraclass correlation coefficients (ICC, r) were used to assess intraobserver variability using statistical software (version 13.0, SPSS Inc, Chicago, IL, USA). The calculation of ICC is ST2/(ST2 + Se2), where ST2 and Se2 are unbiased estimators of the components of variance caused by error-free variability among subjects and random error (within-subject variability), respectively. An ICC value >0.75 is considered excellent, 0.4-0.75 fair to good, and <0.4 is poor. Interobserver variability was estimated using a paired t-test. Values of ICCs for agreement with LV diastolic parameters were excellent at the 3 stages of exercise echocardiography for both observers (r>0.9). The values for the LV diastolic parameters measured by 2 observers were not significantly different (p=NS) at the 3 stages of exercise, showing high interobserver agreement except for DT at baseline and 25 W of exercise (p=0.06, p=0.01, respectively).
Results
Comparison of Diabetic Patients and Control Subjects
Baseline echocardiographic findings of the patients with diabetes and control subjects are presented in Table 1 . There were no significant differences between the groups in LV end-diastolic or end-systolic dimensions, wall thickness, left atrial volume index and EF, nor in the mitral inflow velocities (E, A, E/A, DT). TR velocity was also similar between the groups. However, E/E' was higher in patients with diabetes than in control subjects. In both groups, heart rate and the systolic and diastolic blood pressures increased after exercise compared with rest. However, no significant differences were observed between the groups in the changes in heart rate or blood pressures at rest or during exercise. The magnitude of change in SV from rest to exercise did not dif- (Fig 1B) .
Comparison of Male and Female Patients With Diabetes Mellitus (Table 2)
There were no significant differences between men and women regarding age, duration of diabetes, hemoglobin A1c, diabetic complications or the medications prescribed for Magnitude of the change of stroke volume (SV) in subjects from resting to exercising. Similar SV changes from rest to exercise between patients with diabetes and control subjects. Right panel: Magnitude of change of ratio of early diastolic mitral flow velocity and annular velocity (E/E') values in subjects when at rest to when exercising. Note the significantly higher E/E' increment during exercise in patients with diabetes. (B) Changes in diastolic elastance (Ed) when at rest and during exercise. Similar Ed values were measured when the subjects were at rest and during mild exertion, but were significantly higher in patients with diabetes during moderate exercise.
Men (n=27)
Women ( However, the range of serum creatinine was within normal in both genders. In 22 (54%) of 41 women, exercise was limited primarily by leg fatigue, whereas dyspnea was the primary reason for stopping exercise in 10. In men, leg fatigue was the main reason for stopping exercise in 32 and dyspnea was the main reason in 7. There were no regional wall motion abnormalities either at rest or during exercise in either group. Table 3 shows the comparison of the echocardiographic findings in the 2 groups. Women with diabetes had a smaller LV cavity, and men had a thicker myocardium. However, at rest, there were no significant differences in left atrial volume index, mitral inflow velocities (E, A, E/A, DT), TR velocity, SV, S' or E' between the 2 groups. The effect of supine bicycle exercise on heart rate and blood pressures is shown in Table 4 . In both groups, heart rate, systolic blood pressure and diastolic blood pressure increased after exercise compared with rest. There were no significant differences in the changes of systolic and diastolic blood pressures and heart rate at rest or during exercise between the groups, except for heart rate at 50 W, which was significantly higher in women (Table 4) . At rest, E/E' tended to be higher in women than in men, with borderline significance (11.0±3.3 vs 12.8±4.9, p=0.055). However, during 25W of exercise, E/E' became significantly higher in women compared with men (11.7±3.2 vs 13.7±5.2, p=0.048). However, this difference was lost during 50 W of exercise (12.1±3.4 vs 14.4± 6.2, p=0.11) (Fig 2A) . The magnitude of the change in E/E' from rest to exercise did not differ significantly between the groups (from rest to 25 W: 0.6±2.8 vs 0.6±3.6, p=0.95; from rest to 50 W: 1.3±3.4 vs 1.2±3.0, p=0.86) (Fig 2B) . In contrast to the increase in SV during a low level of exercise followed by a plateau observed in men, a blunted SV response was observed in women (Fig 2A) . In women, the increase in SV from rest to exercise was significantly smaller compared with that in the men (from rest to 
Discussion
The present study is, to our knowledge, the first to use the non-invasively-determined LV elastance to demonstrate a dynamic change in the ventricular stiffness of patients with type 2 diabetes. Interestingly, LV elastance at rest and during mild exertion did not differ between the patients with diabetes and the control subjects, but LV elastance became abnormal in diabetic patients during moderate exertion. More interestingly, another novel finding was that the noninvasively determined LV diastolic elastance during exercise differed among male and female patients with type 2 diabetes; LV diastolic elastance at rest did not differ between men and women, but became more abnormal in women even with mild exertion. Changes in SV and E/E' (ie, LV filling pressure) showed different patterns; the changes in E/E' was more prominent between patients with diabetes and control subjects, whereas the changes in SV during exercise were more marked between men and women with diabetes (Fig 3) . These data suggest that the smaller ventricle with underlying myocardial abnormalities in diabetic women may lead to an increase in ventricular stiffness during exercise.
Gender Difference of HF in Patients With Diabetes
Previous investigations have shown higher rates of HF in women, despite higher EF, than in men after myocardial infarction. 16, 17 The risk of HF in diabetic patients is also higher in women, 2 and women with HF tend to experience more symptoms and more hospitalizations than men. 1, 3 In addition, exercise intolerance and HF with preserved EF are also common in females, but little is known of the mechanism underlying the gender difference in the risk of HF in patients with diabetes. In animal studies it has been shown that females show less pathologic remodeling and dilatation. 18 Although previous studies have consistently shown a smaller LV in women, it does not draw much attention. HF with preserved EF is more common in the elderly, as well as in women. Several studies have found that approximately 5% decrease in the LV internal diastolic and systolic dimensions with age. [19] [20] [21] Women and the elderly, both of whom commonly have HF with preserved EF, have a relatively smaller ventricle. In contrast, athletes usually have a larger ventricle because regular training causes the heart to enlarge. In addition, despite the LV cavity enlargement and hypertrophy, LV systolic and diastolic function in athletes is usually normal. It has been suggested that the changes in LV size have implications for diastolic LV filling. It can be speculated that a smaller LV cavity would be associated with abnormal LV chamber function despite preserved myocardial function. If myocardial function becomes abnormal in subjects with a small LV cavity, symptoms and signs of HF may develop despite normal EF, which is the case in the elderly. Although it is unclear in women, a recent investigation has demonstrated that cellular remodeling is different in women than in men after myocardial infarction. 18 These findings underscore the importance of LV cavity size, as well as myocardial function, in the development of HF with preserved EF and, partly, the gender difference in the incidence and symptoms of HF. We believe that a smaller ventricle and/or underlying myocardial abnormality in diabetic women lowers the threshold for the development of symptoms and signs of HF despite having a normal EF.
Hemodynamic Changes During Exercise
During exercise in normal subjects, SV increases by approximately 20%, with a concomitant reduction in endsystolic volume. The most remarkable physiologic aspect of the heart's ability to increase cardiac output with exercise is related to the multifold increase in diastolic filling rate mandated by the disproportionately shortened diastole during tachycardia. A recent investigation using tissue Doppler imaging has shown that the untwisting rate and intraventricular pressure gradient rise in concert almost 3-fold during exercise, which significantly augments transmitral flow. However, in patients with myocardial disease, such as hypertrophic cardiomyopathy, both the untwisting and intraventricular pressure gradient are dramatically blunted with exercise. 22 It has been shown that in patients with HF and preserved LV EF, which is common in women with diabetes, exercise testing reveals the failure of SV increase with exercise, despite markedly elevated filling pressures. Kitzman et al 23 used invasive cardiopulmonary exercise testing to study 7 patients who presented with HF and normal EF, and they showed a striking increase in pulmonary capillary wedge pressure in patients with HF compared with healthy subjects. In addition, although SV was not different at rest in the healthy subjects and patients with diastolic dysfunction, patients with diastolic dysfunction were unable to increase SV during exercise, whereas healthy subjects increased it by 25-40%, which is quite similar to Fig 3 . Schematic of SV vs left ventricular (LV) filling pressure, indicating the different directional changes from rest to exercise between control subjects and diabetic patients, and between men and women with diabetes. Changes in E/E' were more prominent than those of SV between patients with diabetes and control subjects, whereas the changes in SV during exercise were more marked between men and women with diabetes. Other abbreviations as in Fig 1. Circulation Journal Vol.72, September 2008 our results from the present study in which SV and filling pressures were measured non-invasively.
Previous Investigations of Ed
Although the LV pressure -volume loop is the ideal for assessing LV performance at rest and during exercise, it is not practical. A previous community-based analysis has addressed the impact of gender on Ed, showing higher values in women at rest compared with men. 7 Our study further evaluated the impact of gender on Ed at rest as well as during exercise in patients with diabetes and showed that Ed at rest did not differ between men and women, but that LV elastance became abnormal in diabetic women even with mild exertion. Because early detection and treatment of subclinical ventricular dysfunction is suggested as an effective strategy to prevent or delay the onset of HF, the detection of preclinical ventricular dysfunction is mandatory in diabetic patients. We believe the results of our study extend the important concept of Ed, especially during exercise in patients with diabetes, and may help to better understand the pathophysiology of HF in diabetes and the gender difference in the incidence of HF in these patients.
Study Limitations
We could not exclude the effects of coronary microvascular disease. It has been suggested that microvascular disease, which is common in patients with diabetes, leading to reduced coronary flow reserve with angiographically normal coronary arteries is associated with a supernormal LV function during exercise. 24 Although none of the patients developed either exercise-induced myocardial ischemia on ECG or a wall motion abnormality, the potential influence of coronary microvascular disease can not be excluded. There were technical challenges in measuring E' when the heart rate increased; however, it has been shown that the E/E' ratio can be measured and used to estimate pulmonary artery wedge pressure with reasonable accuracy in sinus tachycardia. 25 
Conclusion
LV diastolic stiffness is abnormal during exercise, but not at rest, in patients with diabetes without overt heart disease. Female gender was associated with a greater increase in LV stiffness during exercise in patients with type 2 diabetes.
